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7 ABSTRACT

Radio-echo studiesof the lunar surfacein the wavelength range 3 meters to 10cm
indicate that the surface is smooth and undulating for the most part, with an
average surface gradient of the order of one in ten. Photometric studies of the
brightness distribution over the moon's disk, on the other hand, demonstrate the
existence of microstructure which causes the surfaceto appeat vety rough at these
much shorter wavelengths. This report describes radio-echo measurements of the
reflection properties of the moon at a wavelength of 3.6cm. The results show
that the surface appears a good deal rougher at 3.6cm than at meter wavelesrths,
Some 30 per cent of the reflected power is retumed from scatterers that are uni-
formly distributed over the surface. The remainder is reflected from a region at
the center of the visible disk which has a radius of about half the lunar radius.
In this region, the surface appears to be describable by means of a Gaussian
spatial autocorrelation function with a mean surface gradient of one in three.
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RADIO-ECHO OBSERVATIONS
OF TH/E MOON AT 3.6-CM WAVELENGTH

1. INTRODUCTION

Radio-ceho observations of the moon have been made during the past decade at wavelengths
that range between 3 meters and 3 centimeters. This work has been summarized and disenssed
both by l",\':m.s‘l . and by Fyans and "vtl-.'ngill.)’ The principal results are that the Junar surface
sceatters radio waves ina distinetly different way from the maaner in which it seatters lght, At
radio wavelengihs most of the encergy is reflected from a sma'l repion at the center of the visible
disk,whereas at optical wavelengths {at full moon) the surface appears almost uniformly ln'i;_;h'..'l

O

Theorcetical Stll(]i('.\'S of the scattering mechanism indicate that the radio observations moay
betnterpreled as showing that the lunar surface is largely smooth (to the order of a few centi-
meters) and undulating, with average surface gradients of the order of one in ten. The auto-
correlation function, which describes how the height of the true surface departs from a smooth
sphere as a function of distance measured over the sphere, appears to be exponential in char-
acter and is certainly not Gaussian.  Similar exponential auto rorrelation functions have been
found to desceribe many types of terrain on Earth.'

From photometric studies of the moon, I\Iinnacrt8 concludes that the surface "is apparently
an assembly of closely packed holes of 311 sices superposed and juxtaposed, excavated in dark
material” The way in which the surface reflects will be largely independent of the size of these
holes, provided that their dimensions are much larger than those of the incident exploring wave.
Thus the photometric studirs of the moon yield information only about the microstructure of the
surface (perhaps having a scale size measured in fractions of a millir »tevy. ana the radiv-ccho
observations are sensitive only to structures having scale sizes in the range many tens of wave-
lengths to some {raction (~0.25) of a wavelength,

Radar observations of the moon at a wavelength of 3 cm have been reported by Ko'm‘in.q At
the present time no measurements have been made at a shorter wavelength™ However, Kobrin
cmployed a low-power CW bistatic radar, and was unable to determine the brightness distribu-
tion across the surface. The shortest wavelength at which the brightness distribution has been
measurced is 10 cm (Hughcsw). Thercefore, there is a considerable interval between the shortest
wavelength at which radar observations have been made (and conscequently the smallest structure
size encountered) and the largest structure sizes examined {(perhaps ~ 10_Zcm) at ontical wave-
Tengths by means of photometric observations. Although it would seem doubtful that this gap in
our knowledge will ever be completely removed by means of earth-based obsgervations — in view
of the strong atmospheric absorption at these intermediate wavelengths — the radio observations

can be conducted at still shorter wavelengths than so far employed. As the wavelength is reduced,

* To the best knowledge of this outhor.
/’
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II. EQUIPMENT

A. The Antenna

The radar cquipment at Camp Parks operates at afrequency of 8350 Meps (e, approvimately
eecns wavelength) and emplovs oD -foot-dinmeter paraboloid for hoth transmitting and receive
ing AU this wavelength the beany has an angular dimmeter of 0000 00 A Hinearely polarviced wave
is transmitted and received by using a horn as the primary feed with a Casscegrainian optical syvs-
tem. The rotation of the plane of polarization introduced by the Faraday effect in the ecarth's

at all times, less than 27 and can he ipnoted.,

»

ionosphere (s

The paraboloid s steered in azimuth and elevation cither by means of manual controts or
by means of a digital electronic control system whose input is @ punched paper tape. The tape
specifies the required position of the antenna at f-minute intervals and the rates of motion to be
followed between these intervals, It is normally prepared in such a manner that the telescope
will never be called apon Lo reverse its direction of motion (over short intervais of time). Thus,
in general, the axis of the telescope will lag somewhat behind the true position of the center of
the moon.  The extent of this error is determined by the quantization of the levels which specify
the rates of angular motion and, in the worst case, can causc a displacemoent of the axis of the
beam and the center of the moon of one-tenth beamwidth (0.0147),  Such an error occurs only
toward the end of a t-minute interval when, by chance, the difference between the desired and
applied rates of motion 1s at its maximum,

In view of the small angular extent of the antenna beam (0.14°) in comparison with the angular
dinmeter 2f the moon (~ 0.5%, large corrections for the offect of the beam must be applied to the
results in order to determine the brightness distribution across the moon.,  Theso corrections

will be discussed fully later,

B. The Transmitter

The transmitier employed in these experiments radintes 2 coherent signal obtained by fre-
quency multiplication from a crystal standard {(operating at a frequency in the vicinity of 1 Meps).
The final amplifier is a klystron which has a nominal output of 25 kw CW, although in these ox-
periments the peak output was only 12 kw. The klvstron amplifier requires a drive signal of
about 5 watts which is obtained from a traveling-wave-tube device. In order to minimize wave-
guide losses, the klystron amplifier is mounted in a room dircctly beneath the reflecting surface
of the parabola, so that only about 10 feet of waveguide are required to conduct the transmitied
energy to the primary feed.” The feed horn projects through the reflecting surfoce and is directed
toward the secondary mirror which is supported by a tripod. The high-voltage power supply for
the klystron, the controls for the latter, the water cooling, magnet and heater supplies are all
in the main building; hence, a large number of cables are required to connect the klvstron to its

supplies.
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The e ter ocabad e ol madimtine 2o continuous wave and s then novmally modulated
b e nescnc s beroon these eaperanents 1 was pulse-moduinted e the mannes shown
i Moot A ten s s on applied to the Mottt ilter; ths canses the TSiler 1o oriag and
produec oo Jinnsoidal outpar whose Trequeney varies imearty o with thne betwees oo and 90 keps
over o periodd ol 300 usecs This "ehierp” vsomined with a local oserllator at 13 Meps and the re-

il passes throneh o Olter destgned to transmit only in the $3,004 1o 13,092 eps range,

sulting =

Thus the BE deive 15 pulsed ON for a period of 300psce at g pulse repetition Sregueney (ped) of
; ] I | | ANRY

SO s This prd s derived from the station master clock,

C. The Receiver

The frequency to which the receiver is tuned s maintained exactiy (;(;':::l to the transmitter
frequency by empleving, as local oscillators, the same ervstal oscillators that were used
to derive the transmitter signal, This arvangement is shown in Fig. 1. A traveling-wave maser
is cmploved as first stage in the receiver, followed by a conventional crvstal=diode mixer and
preamplificr. The effeetive noise temperature of the mascer-miser system was measured Lo be

approximately 407K, 7

N o]
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Fig. 1. The frequency control system of the Comp Porks
(Project West Ford) radar.
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To protect the maser from the strong signal put out by the tranamitter, a combination of
switches is used. The firat switch ia an electromechanical one and is indicated in Fig. { as the
TR hox. This device comprises a rotating disk which penetrates the waveguide between two 3-db
couplers. ‘The disk reflects the transmitter into a matched load during {ts OFF period and a
hole in the digk connects the transmitter to the antenna during the ON period. The same disk re-
flects the antenna power into the receiver arm during the receive period. A further pair of 3-db
couplers, together witha aetond disk, Is placed in the receiver arm., Both diska are mounted
on the same shaft and this is driven synchronously at 20 cps (the prf). This sccond pair of 3.db
couplers and disk serves to connect the receiver to & matched load during tranamit periods, and
algo reflects any power from the transmitter which has leaked through the first disk into a
matched load. A large slot is cut in the saecond disk so that the recelver ia connected to the an-
tenna for most of the time.

The second switch (s a conventional ferrite switch that operates by the Faraday rotation of
the plane of polarization of the wave. The magnetic field for the switch ia provided by a solenoid
which is turned on during the required receive period. ‘These protective devices introduce a
large amount of unwanted attenuation between the feed horn and the maser, even though the latter
(like the tranamitter klystron) {s mounted in the antenna hut, It was estimated at the time of
these obgervations that the losses in the waveguide raised the effective receiver temperature by
60° to a total of 100°K  The sky temperature (together with "spill-over") raised the overs-all sys«
tem temperature to 120° # 10°K, When the antenna was directed toward the moon, however, the
over-all system temperature waa higher by at least another 100°K,

There are no reliable reports of any variation of the brightness temperature of the moon with
phasc at this wuvelength.“ At predent there i8 o wide variation in the published values of the lu-
nar temperature, but it would appear that the tempernture is of the order of 245° ¢ 20°K (Ref, 1),
Hence it ir concluded that, when the antenna is directed toward the center of the moon, the sys-
tem temperature s 225° & 20K, assuming an antenna efficiency of 50 per cent,

For an ccho reflected from a stationary point target, the output of the last mixer stage in
the receiver will be a signal whose frequency varies linearly from 60 to 90 kcps over an interval
of 300 uscc. A target which {8 extended in range may be considered as a succeasion of point tar.
gets, and hence gives rise to a complex reflected signal which {8 a superposition of many indi«
vidual "chirps," The received "chirp” (s applicd to a "receive" filter whose impulae response
is approximately the Fourier transform of that of the "transmit" filter. The "receive” filter,
therefore, causes delays in the frequency components of the "chirp” which decrease with increas-
ing frequency, thereby causing the 60-keps component to be delayed the most.  The pulsce is
therefore compressed, and the output of the filter is a pulsc only 30usec long. The over-all
system may be thought of as a 30-usec pulsed radar that has an equivalent peak power ten times
that nctually radiated. In practice, amall amounts of power arc contained in subsidiary 30-pscc
pulaes that precede and follow the main one. The multipath properties of the moon can cause these
"sidelobes" to interfere with the main pulse from a given range and degrade the performance of
the radar. In this instance, all the "sidelobes™ are about 20db weaker than the main pulse and
their presence has been neglected in this report. Finally, a linear (voltage) detector is em-

ployed at the output of the "receive” filter and the detected signal is both diaplayed and fed to

an amplitude-vs-range integration system,




The design, construction and operation of the radar equipment described above waz under-

taken principally for Project Weat Ford, and at no time did this author contribute in any way to
this effort.

D. The Integrator

L i W AT L :‘m ml r

Radar signals reflected from the moon are subject to deep fading ag a consequence of the
interference between the signals reflected from many Independent scattering centers on the sur-
face. The frequency of the fading is a function of (1) the apparent rate of libration of the moon,

_ (2) the radar wavelength and (3) range measured {rom the leading edge of the moon. At a fre-
i . quency of 8000 Mcps the fading is quite rapid, having a quasi-period of the order of 0.1 second.

In order to make precise measurementa of the echo power as a function of range, it is nec-

essary to average over many sweeps of the radar time base. This was accomplished in 4n an-

alogue integrating system which employs a total of 36 integrators, each identical to that shown

i : in Fig. 2. Fach integrator is formed by a resistor R, a condenser C and a "chopper-stabilized"”

DC amplifier which jointly form a Miller circuit. The DC amplifier has a gain of approximately

108 and is carefully constructed so that, when used in conjunction with a low-leakage mylar con-
denser (C), a self=time«constant of the order of several hours is achieved, Since the integration
wa s never continued for periods greater than 0 minutes, it ia belleved that the largest errors

in the summation process arose from "dr{{ts" rather than from leakage of stored energy,

0wy
c
e °
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FLOP LO

owuTeuY
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8020 (Pribrigh UBA.4JX)
L +JOVOLTS
/
SIGNAL
INPUT

Fig. 2. The postdetector integrator circuit,

, The signal to each Miller integrator {s gated through a switch formed by four diodes in a

bridge circuit (Fig. 2). The diodes are normally conducting because a (3-volt supply is applied
to opposite ends of the bridge. This causes the input and output points of the bridge to be con-
nected through the equivalent resistance of a single diode (~ 200chms). This resistance is small
compared with R. During the time that the "switch” ia closed, the output voltage e will in-
crease according to

1 S“
[ e, dt
o RC o |

(1)




e o

LRt diac el )

where ¢ is the input voltage applied to the bridge. The switch will be opened when the flip-flop
shown in Fig. 2 changes to a state that causdes the S82G diodes to conduct. In this case the re-
sistance between the input and output pointa is approximately 10? ohms. A 1000-ohm resistor
at the output of the bridge now effectively grounds the input to the Miller {ntegrator, causing its
output e to remain constant.

Error voltages occur as a reault of DC potentials or drifts. The three main sourcea of these
drifts are deacribed in the following subaections.

1. DC Amplifier Drifta

The DC amplifiers are provided with balancing potentiometers, and these were normally
adjusted to cause ey to change at a rate of legs than 1 mv/sec when the input to the integrator
is grounded and R ia reduced to 10,000 ohms. Thus, in normal operation, the unhalunce in the
DC amplifiers might be expected to cause a drift of 20uv/sec, or a total drift of not more than
émv in a S.minute period of integration. 'This could be reduced by increasing RC, but then €,
would decrease by the same amount and the aignal-to~drift ratio would not be improved.

2, DC Unbalance of the Bridge When Conducting

'The €0=volt power supply which causca the bridge to conduct ia "floating" with respect to
ground and, in the absence of a signal, the output of the bridge should be at ground potential,
However, if the forward voltage drop across each diode in the bridge ls not the same, the input
and output potentials of the bridge will be differcnt. Hence, if the {nput potential {8 at ground
{via the output impedance of an amplifier), the output potential cannot be at ground, and an error
signal will appear which will cause the integrator to drift. This problem was largely overcame
by matching the diodes into groups of four which all exhibit approximately the same forward
vollage drop. However, NC error voltages of the order of # 2mv still remain, These can be
neglected if the rms signal {8 very large.  Unfortunately the peak aignal is limited to nbout
4 volts by the voltage appllied by the flip-flop to the S82G diodes. Hence, for a narrow-band
Gaussian noise {nput, an rma signal of <£0.5 volt {8 the most that can be applied, and errors of
the order of approximately 0.5 per cent can arise from the DC unbalances in the switches.

). DC Unbalance of the RBridge When Nonconducting )

When the gate {s switched off, the potentlal at the output of the hridge may again differ from
ground because the back impedance of the diodes, though very large (~ 107 ohms}), may be very
unequal. In particular, when the integrator is used to examine short-range intervals (say 10 psec)
at a prf af 20cps, the switch spends 5000 times longer in the OPEN than in the CLOSED position;
hence, the NC offsets when OPEN must be correspondingly smaller to cause only about the same
drift. This is achieved by grounding the output of the bridge via a 1000-ohm resistor, A lower
value would be desirable, but the forward impedances of the bridges when conducting are not all
identical, and hence the signal is attenuated by different amounts.  With the present arrangement
(1000 -oh/mn reaistors), this effect may introduce errors of the order of £0.1 per cent. larger
vrrors than this could not be tolerated.

The rms drift of the 36 integrators experienced ina 5-minute run is of the order of 12 mv

and, in practice, the integrators drift in much the same fashion from run to run. ‘The signal

voltage o, 18 directly proportional to the width of the range gate. For the experiments reported
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here, a minimurmn width of 20usec was employed, for which €, was typically 60mv. Thua the
drifts are, at worst, of the order of 20 per cont. Ry repeating the integration with no signal
anplied and subtracting the observed drifis, the uncertainty in e {2 reduced to approximately
2 per cent. For wider gate widths the error is correaspondingly reduced, and ia approximately
0.2 per cent for 00-usec range intervala.

The flip-flops shown in Flg, 2 are connected to form a 36-atage shift-register delay line as
shown in Fig. 3. This delay line is programmed to open and close the dlode switches in sequence
for equal intervals of time, thua causing the integratora to sum the energy corresponding to dif-
ferent range intervals along the time bage. The digital equipment ahown in Fig. 3 slso enables
fixed rates of range drift to be {ncorporated to match the motion of the echo along the time base
{caused chiefly by the rotation of the earth). YFine adjustment of the poaition of the echo relative
to that of the gute is provided by the delayed sweep contruls of an oacilloscope.

The output voltages e, are sampled in turn by a stepping awitch, and then mecasured by a
digital voltmeter. An electromechanical printer connected to the voltmeter prints the value of

these voltages on a paper chart in the form of a list, The parametera of all the equipment are
summarized in Table I,

| 1":"3'7: FROM
. NOARD .
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DURATION ‘
COUNTER AL _ 1hepe .
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1088 pY theps
a L na suaen £
10 heps : Ikeps
DELAYED PAF__
NELAY / ‘
COUNTER '®) ‘
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s ot °°“"| L‘.’tl ANGE DRIF T
(<}
. DELA
COUNTER € L 1toutd
1-g%
RIASLE / Bicheast
DELAY
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WAL / {] a oPEN e
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UTTON __lioonees 17| contear
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1108
/%) p—
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Fig. 3. Integratus digital control system.




TABLE |

SUMMARY OF EQUIPMENT PARAMETERS

Frequency
Antenna

Antenna gain L4
Effective antenna aperture
Poak transmitted power
Pulse length

Pulse compression ratlo

Over-all |rmm Mmpﬂctun
{when pointed ot the moon)

Recelver bandwidth

Over=all feeder losses

Video integration

8350 Meps

60-foot paraboloid with Cassegrainian
feed crrangement

61z1db

150 £ 10 motens
12+ 1/2 kw
300 psec

101

2

225% £ 20°K

~30 keps (1. ., matched 10 a 30-prec
pulse)

1.540.2db
Generally 18 10 20 db
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Nl. THE OBSERVATIONS AND THEIR REDUCTION
A. Introduction

Radio=echo observations of the moon are frequently made with the Camp Parks (Project
West Ford) radar system, and the only special feature about the obaervations reported here {8
that the returns were integrated by using the equipment deacribed in Sec.1l-D. Obgervations
were made on 6~ 9 and {4 September {964, For the most part, the tracking of the moon was per-
formed by the digital control system, although on some occaasions manual tracking was attempted.

" TR

" OF BOTH
INCIDENY ANO
BE7LECTED
Fig. 4. The radar angular power spactrum Fle).
AT SR

‘The abject of the experiment was to determine the function F(t) which describes how the
echo power varies as a function of range delay measured from the leading edge of the moon,
Bocouse o given range delay t defines an annulus on the moon's surface, which ts also defined
by tho angle ¢ betweon the ray path and the normal to the surface, the function P(t) can be {rans-
formed Into a curve of reflected power vs the angle of incidence ¢. This function P(e), we shall
call the target angular power spectrum, If {t ls assumed that the surface hans the same kind of
materinlas and the same kind of roughness everywhere, then the target angular power spectrum
P(y) can be regarded as the polar diagram (for backscattering) of any element on the surface,
Thig is shown In Fig. 4 and the teansformation from B(t) to B(¢) 14 aimply a property of a spher-
ical target which has been recognized by many workers (see Green“‘). There are other methoda
by which the target angular power spectrum P(¢) may be determined, and these have been de-

scribed elgsewhere. ™' The most impressive demonstration of the simplicity of the method out«
lined above haa been provided by the work of F’euengm’5 who usged a wavelength of 68cm,
B. Method

In view of the narrow antenna beam rmployed in the experiment, it is evident that the func-
tion P{t) observed when the antenna is directed at the center of the moon will be the convolution
of the true function for P(t) (i.e., the one that would be observed with a wide beam} with the an-
tenna beam pattern. As a consequence of this, echoes could not be distinguished beyond a delay
of 2msec measured from the leading edge of the moon, although the full radar depth of the moon
is 11.6 msec. Thus observations were also taken with the antenna beam directed away from the
center of the moon, in order to obaerve echoes at greater ranges. The influence of the antenna
pattern ia different for each position of the beam, and hence the reduction of each set of ohserva-
tions will be discussed separately.

~9




Considerable effort was made to obtain a truly linear detector law. In theory a square-law
detector should have heen employed, since the required function B(t) 1a the average of the suma
of the powers reflected from different ranges, i.e.,

By« Y)P, +P, +P, +... +B, , (2)
LP TR, Ty Y

where { representa the lth sweep of the time base and t is the range of intercat, lnfortunately

.the dynamic range of the diode gate switches i3 small {0 to 4 volts) and, because the rms signal

must be substantially larger than the unwanted DC offscts introduced by the awitches (8cc, [1-D),
a linear detector s preferable to a square-law detector., Thus the voltages measured ui the con-
densers represent the average amplitude A{l) of the echaes (and nolsc),

Ay = LAH+A‘2+A13+... +A‘l . (3)

The echo amplitudes are known to have a Rayleigh diatrihution’ 46 and hence the echoes at
any given delay resemble narrow.band Gausslan noise. It may be shown that, if such a signal

having a atandard deviation o, (8 applied to different detectors, the average output will bo17

Half-wave llnear detector A' = Vr/2 o, . (4)
Fullawave squarcslaw detector P =z 20:‘ . (5)

A full-wave linenr detector was employed {n thede observations and transmitted twice as much
power a8 the half-wave detector. Hence we have

Full-wave linear detector A = N o - (6)

Thus we see that A% < 11/2 and that, by squaring the average amplitude observed, the mean
power may be obtained. The factor n/2 disappears {n the analysis because only ratios of signal
and nolde powers are employed. Next we muast conslder the effect of the predence of the noiae
power, If the signal has (In the absence of nolse) a standard deviation T and the notse {in the
abgence of asignal) (q an. the observed standard deviation at the output of a lincar detector will
be proportional to Ju: + uls because the signal and noise powers add before detection. [t follows
that, by aquaring the average amplitude observed for signal and noise and subtracting the mean
square amplitude of the noige alone, the mean ccho power can be obtalned. This procedure was
followed in the reduction of the data. In practice it waa not necessary to repeat the integration
process with noise alone gince there were always certain integrators which had summed only
noise, and thesae could be averagea w determine "1\23'

‘The actual detector employed was linear for rms input voltages over the range 1 to 30 mv,
f.e., over a range of 25db. The peak signal-to-noisc ratio was congiderably in excesas of this
and hence observations were made with different levels of the gignal into the detector to over-
come this limited dynamic range. At high signal levels the gates closest to the peak of the echo
would saturate, and their readings were ignored in the subscquent analysis.

C. Observations of the Central Region

Many measurcments were made while tracking the center of the moon. The procedure gen-
crally adopted consisted of adjusting counter C (Fig. 3) to place the echo within the region covered

by the gates, and then adjusting counter D to cause the gates to track the echo in range. Small

109
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additional adjustmentz could be made by uaing the delayed sweep controls of the oacilloscope.
Since ephemerides were not available to provide values for the rate of change in range, the ad-
Justment of counter D could be accomplighed only by trial and error. The bastc.timlng of the
digital circuita shown in Fig. 3 is 100 kepa; hence, the range tracking is accomplighed by a ge-
rlea of 10-pgec *jumpa.” Accordingly the narrowest-range gate widths were employed only when
the rate of range change was near zero (l.e., close to meridian transit). The motion of the moon
relative to the earth was very close to its minimum value on 8 September 1964, and hence two
{0-minute runs were made — one before and one after meridian transit — to obtain the distribution
of echo power near the leading edge of the moon,* A similar pair of runs was made on 1{ Sep-
tember, but on this accasion the antenna was stecred manually (using a table of prediction po-
sitions) and the over-all tracking accuracy was inferior to that provided by the digital control
syastem. These two sets of data are shown in Fig. 5, It can be seen that the peak observed on

14 September is distinctly more rounded than that observed on 8 September. This {s attributed
to the less nccurate positioning of the antenna on that day, and all data taken with the antenna
under manual control have been discarded. The convolution of the transmitter pulse (Fig. 6) with
a step function ls aldo shown in Fig, 9, It can be scen that the observed echo rises almost as
fost as the atep function. In view of the fact that the leading edge of the maoon probably harm an
infinite impulac responsc resembling a atep fullowed immediately by an exponential decay, goed
agreoment between the two setd of points cannot be expected, Nevertheless the results indicate
that, to the accuracy of these measurements (~ £ 10usec), the infinite impulse response of the
leading edge of the moon ia Indiatinguishable from a step.

The results ghown for 8 September in Fig, 8 have been combined with other data abtained at
two different signal levels, and gate widthy of {00usec in Fig. 7. No echoes can be seen beyond
2 macce from the leading edge of the moon, ‘e maximum mean sigha] -to-noisc ratio ebaerved
at the leading edge of the echo {8 +26 db, and the dignal-to-noige ratio {s down 1o about +3 db at
@ 1-msec range, ‘The full=line curve of Flg. 7 has been drawn in by eye.  The useful bandwlidth
of the Project West Ford communications cquipment, using the moon as a reflector, {a deter-
mined by the square of the Foutler cosine tranaform of this runctlon.’s'

In order to correct the results shown in Fig, 7 for the effects of the antenna pattern, a con-
tour diagram of the radiation paltern was obtained from Mr, L., Niro of Group 315, and this is
shown in Fig, 8, Mr, Niro obtained thia pattern by making measurements of the signala radiated
by a test transmitter which was placed some distance {on Mount Diablo) from the antenna for this
purpose.  Such a transmitter provides a convenient s!ntlonnx')’tnrget of high signal intensity.
ltowever, the effects of ground reflections may be serious, and the pattern ohserved when the
antenna is close to 0° elevation may be considerably different from what it is at higher elevationa,
because of the chunm’nz gravitational load on the atructure, Thus the pattern shown in Fig. 8 may
not represent ilie true pattern experienced in these observations, but so far radio-star obscrva-
tions have not been made with sufficient precision to check Fig. 8 in great detail.

An "average” polar diagram was obtained from Fig. 8 intwo ways. In the first method, polar
dingrams were drawn for the projections a-a', b-b', c-c' and d-d'. These are shown in Fig. 9(a-b).

* During a 10-minute interval before or after transit, the earth’'s motion will introduce o range change of the
order of 5 psec.

+ The effective singla-channel bandwidth of the Project West Ford Communications System is discussed in
Apperdix A.
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In all cases the half-power bandwidth is close to ita theorctical value of 0.44° but the behavior
of the patterns beyond this point differs considerably. An "average" pattern was next conatructed
by taking the mean of a1l the curves of Fig. 9(a-b). This is shown as the broken line of Fig. 10.
The slternative method was to measure the area {in aquare degrees) inside each of the intensity
contour lines of Fig. 8 by planimeter and to equate this to the area of an equivalent disk in order
to find the mean radius of the beam at this point, This method gave the full line of Fig.10. The
two curves agree well out ta 0.10° and then differ, because the firat method undereatimates the
importance of the large sidelobe below the main beam shown i{n Fig. 8. 1% was decided to adopt
the full-line curve (in view of some evidence presented later) but not to attempt corrections be.
yond a 0,425° subtended angle. Because, in radar obscrvationa, the antenna pattern controls
both the transmisaion and reception of the energy, the correction factora are the aquare of thoae
shown in Fig. 10. The response curve finally adapted is shown {n Fig. 41, This figure was then
transformed into a diagram of the antenna correction as a function of range delay (Fig. 12) by
means of a dingram which shows the half-angle subtended at the earth by annuli at different de~
lays on the moon (Fig. 43). As can be seen in Fig. 12, the antonna corrections become very large
(20 db) ot a delay of only 4.9msecc. Hence the results (shown in Fig, 7) were corrected only out

to this value. The corrected points were expocted to show o monotonle decrease in power ns a
function of delay, and not increase, after a cortain point as those shown in Fig. 7. [t {8 presumed
that the antonna corroctions for a delay greater than 4 msec (0.10° subtended angle) are unreliable

and henco the points beyond this value shown in IFig. 7 were subscquently ignored,
]

D. Obsorvations at One Beamwidth Off-Center

The angle aubtended by the lunar radius is approximately equal to two antennn beamwidtha,
Measurements were therefore made with the antenna directed off-center by one beamwlidth (0.44°).
Precise movement of the antenua relative to o median tracking path (provded by the digital con-
trol system) was permitted by means of manunl controls., With the aid of these controls the an-
tonna wad directod 0.44° off in azimuth (right and left) and then in elevation (high and low), Five
minutes’' integration was pe.rformed in all four positions, using 500-paec -wide range gates, Some
of the positions were repeated to ensure consistent results. In all four positions of the antenna,
the echo amplitude wag reduced to a maximum mean amplitude of about +6 db, which occurred
at a delay of 2msec, These observations are shown in Figs, 14 and 15, Figure 14 shows that
the results for the two azimuth offaet positions agree quite well over the 2.%5- to 7-msaec range,
but not in the 0« to 2.5-maec region. Thus it appears that this delay interval (0 to 2,5 mscec) is
flluminated largely by the sidelobes which are not symmetrical, Similarly the presence of the
marked elevation sidelobes (Fig. 8) can be recognized by the strong echoes over the 0- to 2,5-msec
range in Fig. 15, as distinct from Fig. 14. It was on this evidence that the full line of Fig. 10 was
selected in preference to the broken one (Sec,l11-C). It is further believed that any differences
in the echo intensities observed in these four positions of the antenna are attributable to the asym-
metry of the radialion pattern, rather than to distinct differences in the scattering behavior of
the moon. Because of the absence of strong sidelobes along the azimuth axis (Fig. 8), the data
presented in Fig. 15 were chosen for analysis. An antenna correction curve was obtained in the
following way. A diagram was prepared which showed the range delay contours of the moon to
scale (Fig. 16). A set of intensity contours, representing the idealized two-way antenna psttern
(Fig. 12), was superimposed on the range delay contours. The intensity along each arc of a given
delay contour is thus shown in Fig. 16, and the average intensitygalong a given contour is caaily
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ubtained by measuring the angle subtended by each arc at the center of the moon, weighting the
angles according to the intensity contour in which they lie, and then summing. The antenna cors

rection diagram obtained in this way {8 shown {n Fig. 17 and the results of Fig. 14 when corrected
are gshown in Fig. 18,

E. Observations at One-and-a-Half Beamwidths Off-Center

When the beam was displaced by about one-and-a-half beamwidths, the axia of the beam waas
directed toward the limb of the moon. [t was hoped that such a displacement would enable echoes
up Lo 1.6 maec in range tobe obtained. In the same manner asdescribed (n the preceding section,
obscrvations were made {n all four quadrants, but this time with o displacement of 0.22°, Again
the data aobtained for azimuth displacements were chosen for analysis. These are shown in Fig. 19
where it can be seen that the maximum mean echo amplitude is now only ~0db. CGood agreement
between the two sets of points exists over the 5- to 9.5-nisec range.

A new antennn correction diagram (Fig. 20) was prepared in the manner outlined above, using

the plane projection of the range and intensity contours shown in Fig. 2. The corrected values
for power as a function of delay are shown in Fig. 22,

Iv. TOTAL REFLECTED POWER

The results for the different time-delay intervals given in Figs. 5, 18 and 22 have been com-
bined on o log=power vs Jog=delay plot in Fig, 23, and a smooth curve drawn through the points,
When this smooth curve {8 replotted against o lincar range-delay axis, Fig. 24 is obtatned. ‘The
figure algo shows the function for P(t) observed by Peuengll!’s with a wavelongth of 68cm and
n pulse length of 65 pscee,  Desplite the cbvious similarity between curves, it {s immedintely ape
parent that the "bright apot” at the center of the moon is Jess bright at 3.6 thun at 68cem,

Pettongll] reports that the integrated power under the curve for P(1) observed at 68 cm ylelds
a total cross scction for the moon clode to 0.0741”12. where nu?‘ is the cross section of the pro.
jected disk, The value 0.074ma’ 18 that obtained by Fricker, ¢t (,\_1.,' ? from u series of careful
measurements made with a CW radar at a wavelength of 73em, It {8 also cloge to the mean value
(o.osinu"‘) of all the long pulse or CW measurements made in the wavelength range 3.0 meters
to 33cm (Ref, 2),

We may therefore take Pettengill's measurements as representative of the meter wavelength
observations in order to compare the results presented here. The relative performance of the
two radar systems is shown in Table I1 and a comparigon of the ccho tntenaities ia glven in
Table 111,

The uncettainty in the over-all performance of the Camp Parks radar due to imperfect
knowledge of the equipment parameters is about #2db,  There is a similar uncertainty in the
performance of the Millstone Hill radar, and thus a comparison of their relative performances
is subject to an uncertainty of about + 3db.  Thus Table 11 shows that the Camp Parks radar s8ys-
tem is ~% ¢ 3 db wore sensitive than the Millstone Hill system.  Despite this, the echo inten-
gitics observed at 5-msgec delay indicate that the cchoes at 68 cin were 2db stronger than those
at 3.6 em (Table 1), whereas the cchoes from the leading edge of the moon differ by about 10dbh.
This difference represents the change in brightness at the leading edge of the moon only approx-

imately, since the pulse lengths employed in the two experiments were not the same.
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TABLE ti
COMPARISON OF MILLSTONE HILL
AND CAMP PARKS RADAR SYSTEMS
Camp Parks v3
Parameter Millstone Hill  Camp Parks  Millstene Hill
Peck transmitted power 2.5 Mw 120 kw -13db
(effective)
Antenna gain 38 db 61 db +28db
Antenna aperture 250 m? 150 m? ~2.3db
Feeder losses 2db 1.5db +0,5db
Nolse temperature (T) 245°% 225°%K -
Receiver bandwldth (b) % 35 keps 35 keps -
{kTh) {130 dbm) {130 dbm) -
Pulse length 65 \sec 30 jmec ~3.0db*
Sonsitivity of Camp Parks vs Millstono Hill =+5.2 db
* True only where P{t) does not vary rapidly with time (1),

TABLE 1t

COMPARISON OF ECHO INTENSITY
AT 68« AND 3.6-CM WAVELENGTH

Camp Parks vs

Parameter Millstone Hill Camp Parks Mil!stone Hill
Signalsto=noise ratic
of speculor* peok t31.3db +26.0db -5.3db
Signal-to-noise ratlo U
at S-msec range +6,2db +9.2db +3.0db

When the equipment performance (Table il) is considered, the following ratios
are obtained:
Specular® component ot A= 68 cm to A = 3.6 cm = +10,5 db,
Rough* component at A =68 cmto A= 3.6 cm = +2. 2 db.

* The reasons for this clossification ore discussed later in the text.




Fig. 25. Echo Intensity plotted as a function of log cose

where ¢ Is the en%Io of incidence ond reflection of the
- ray. Thepower in the region 55°< ¢ < 90°varies as cos g,

indicating that the |imb reglon of the moon appears to

scotter hotropically at this wavelength (3.6 em),
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The echo power integrated under the curve of Fig. 23 ylelds a cross section of ¢ = 0.02!52.
The uncertainty in this measurement {38 at least 50 per cent and is in conflict with the value ob-
served hy Kobrin at 3cm, which this author believes should have been stated o = O.O91ma with
an estimated error of #30 per cent (Ref.2). However, Hughesw reports a value ¢ = 0.0Zin"‘
(250 per cent) at a wavelength of 10cm, and workers at the Jet Propulsion Laboratoryzo report
a valuco = 0.022ra* (ﬁgg g: g::t) for a wavelength of $2.5cm. Therefore, it 18 possible that
the reflection coefficient of the lunar surface may be substantially lower at these centimeter
wavelengths than at meter wavelengths, Such a change could come about {f the uppermost layer

of the surface were more porous than that aome small distance {~ { em) below.

V. THE ANGULAR POWER SPECTRUM

The absolute level of the total echo power may be subject to unknown systematic errors.
However, the angular power spectrum Plg) depends only on the shape of the B(t) function, which
need not be similarly in error. Pettengin‘ has shown that his results may be interpreted as in-
dicating two distinctly different types of scatter on the surface, One component {the "rough"
component) obeys the law

Plo) « con’/2p (1)

and is responsible for the echoes observod at all range delays beyond about 2 msee, When this
component has boon removed, the remainder (termed the "specular" component) is found to obey
the law

Plg) « exp]-10.5 sing} . (8)

The results presented in Fig, 24 have beoen plotted against the function log coa ¢ in Fig. 28,
It can be scen that, over the range 55° < ¢ < 90°, the law

Ply) @ con g (9)

fits thege observations extremely well. ‘This law Indicates that the Hmb reglou s uniformly
bright, since the projected aren decreases with range ag cos¢. If this "rough® component is
gubtracted from the total power (Fig. 24) we should expeet, by analogy with Pettengill's and
Hughes' results, to be left with a gpecular component which would fit some gimple law of the form

Pl¢) = exp[--A sine] . (10}

The remainder has therefore been plotted againgt sing in Fig. 26. [t can he geon that the func-
tion exp[- 7.1 sing] {its the results near the origin {(5° < ¢ < 18°) but not elsewhere. A acarch
was therefore conducted for some other simple function which would fit the results. Of the many
ompirical laws tried, only the function

Ple) = sin~ 170 (1)

came near to fitting the results over the whole range of angles (Fig.,27). The theoretical form
of the angular power spectrum for reflections from a plane surface having 8 number of facets

k]
oriented with a Gausgsian distribution of angles to the normal has been shown“‘ZZ to be
. . 2
P x . tan R 2
(@) = exp . =405E (12)
1-(’0
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Ple) - slnn‘-nq was tho only empirical law which could be found to fit the

obierved points over a substantial range of values for ¢.
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Accordingly the results were plotted for a comparison with this theoretical law (Fig, 28), aad a
curve

Plg) « exp(—tani‘scp] (13)

was found to fit the resulta closely over the range 6* < ¢ < 5%*, The theorctical curve P(g) «
exp|-tan® :p/lcpj] ir also shown {n Fig. 28, and to within the limits of the experimental error

probably fits the points almosat as well, Thus the proposed angular power spectrum at 3.6-cm
wavelength is

. Pleo) = Py

2 .
exp [- E:Lzse] + LGB I : {14)

“Yo
The value of v  obtained from Fig. 28 ia 0,355 padian, or approximately 20,2°,

VI, ACCURACY OF THE MEASUREMENTS

The difference between the two profiles for P(t) obtained at wavelengths of 68 and 3.6 em
{Fig. 24) {8 quite significant. In order to test the valldity of these new measurements, an attempt
waa mode to repeat the measurciments of Pettcnalllw at 68cm, using the analogue integration
equipmens. That is, the detector, video amplifier and integrator were moved from Camp Parks
to Millatone Hill and measurements were made with the 440<Mceps radar equipment at a pulse
longth of 65 pgee,  The method of operating the integrator equipment and analyzing the results
was precigely the same as for the 3,6-cm measurements, except that no corrections for the an-
tenna pattern were necessary beeause of the wide beam (2,47 employed at this frequency. The
results of this work are shown I Flg, 29 which {a a conguaite curve for P(1) obtained from meas-
urements using 20«, 100- and 500-psec gate widths,

—he SE

Fig. 29. Echo powar as a function of range observed ot
a wavelongth of 68 cm on 10 November 1961, using the
integrator equipment described In Sec.1l-D to obtain the
moan eche Intensity. Thi c\arve is almost identical with
that cbtained by Petrengil!!d (Fig. 24) except near the
poak. Bocause the sampling intervals couldnot be made
sufficlently small, Pottonglll was unable to rosclve the
peak fully and his curve rises | db less than that shown -4
in the figure.
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In Pettengill's measurements the integration process was performed by sampling the echo
amplitude and converting tho samples to digital nuinbers, These numbers were then summed
and stored {n a computer. This particular system has a range resolution of only 400usec, and
Pottengill waa obliged to "interlace" several curves taken when the moon was at slightly differ-
ent ranges ln order to obtain a composite curve with sufficient resolution near the peak, The
analogue integrator, on the other hand, was used with a range resolution of 20psec, Thus the
peak was better defined ln these new measurements, and rises 1.3 db above the level observed
by Pettengill. Elsewhere the two curves (Figs. 24 and 29) agree to within a few tenths of a dec~
ibel over the entire range of delaya. It ia concluded from this study that the integrator ia in no
way reaponsible for the difference hetween the two eurves in Fig. 24,

There are other possible sources of error. They include nonlinearity of the amplifiers in
the receiver, but checks were made which exclude thia posalbility., The results for the central
region are very susceptible to inaccuracies in the pointing of the antenna. The digital electronic
control system maintained the commanded position within £0.044° (i.e., #0.4 beamwidth) of the
center of the moon. However, there may have beon boresight errors that diaplaced the true po-
sitlon of the beam from the axis of the antenna which were asubstantially larger than this, ‘The
agreemont between the results obtained (Figa. 14, 15) with the antenna displaced from the center
of the moon by equal amounts in difforent directions suggests that any such boresight errors
must be amall {l.e., } £0.02°), Howaver, the possibility that the boresight errors are themselves
a funection of the antenna clevation cannot be excluded as a small source of error in these meas~
urements.

VIl. DISCUSSION OF THE RESULTS

l’uuongul” has shown that, at a 68-cin wavelongth, the "rough® component ariges from
scattereors which covor nino per cent of the surface, {f {t {8 assumod that both types of gscatterer
are composced of the sume kind of material, In the present results some 30 per cent of the total
power 18 returned by the "rough" component. Wo can assume {as Pottengill has done) that the
"apecular" component is isotropic, t.e., it doea not scatter more favorably toward the radar
than in any other direction. ‘The "rough" component, on the other hand, will not be {sotropic
and will exhibit a gain g given by

4n fu"/[' Pl@) sing de

g (15)

f:/z foﬂ/a j;’z" Pl 0) sinl sine di dg dO

where P(igp0) describes how the power reflected from an element of surface varies with the anglea
t¢ and 6 which are specified in Fig. 30, P(¢) is the gpecial case where { = ¢ and 0 = 0 and this

NORMAL

o §868°

INCIDENT RAY P(1,0,8)

s

\ REFLECTED RAY
/ Fig.30. The surfoce photometric function P(i@8).
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is the only case that can be studied by means of radar measurements on the carth. Brcause the
complete function P{l¢©) cannot be mcasured (by carth-based radars alone), we cannot rigorously
determine g, the directivity., However, we may obtain an insight intu {ts value by computing g
for certain optical lawa, For {nstance, Lambert's law stutes that

v Pllg0) @ coglcosg (16)

and has been slmwna3 to yield a value g = 2,66, No simple function describes the photometric

law P{ip ©) for the moon at optical wavelcng‘ths.s ‘This {8 unfortunate, because the uniform bright-
ness of the limb region observed in these results suggests that the complete scattering law P(ig 0)
may be very similar to that obeyed at optical wavelengths. The function

_cosi{ e
Pli¢0) « CosT+cong (1 + cos® 0) (17

provides an approximate fit to the photometric observations of the moon's brlghtnesss and if this
cxpression |Fg, (17)] I8 substituted into the equation for the galn g [Eq.{45)], a value g = 2.68 can
be obtained by numerical integration, Thus, if the assumption is made that this value is the ap-
propriate one to take for the gain of the rough component, the fraction of the surface, which must
he covered by thia type of seatter, can bo determined and I8 14 per cent,

Hayre and Mocn-e7 have shown that many kinds of terrain on earth may be described by an
autocorrelation function, which defines the correlation beiween the heights of two pointa on the
surfaco as o function of their horizontal distance d apart of the form

pld) = exp[~|d|/B] , {(18)
where B s a characteristic scale of the surface.  They have further ﬂhown"". that the angular
power spectrum for such surfaces can be abtalped as a rather complicated function of ¢, the
angle of incidence, A, the radio wavelength, 13, the characterisiie seale and hm. the standard
doeviation of the helght fluctuntions (assaming thede to be normally distributed), The function
expl- 10,8 ging ) obacrved by l’cuonumw approximates to exp{-10.5¢] for amall ¢, and
lluyrv‘!' clatma that this 8 a apeclal case of hia general law for the angular power spectram,
Quite independently l)untvlu" has succecded n showing that a surface, which can be desderibed by
an exponentinl awtecorrelation function, would give rise to an angular power spectrum of the form
obscrved by Pom\nglll15 and |luglwa.m Hayre and Moore ' apeculate that the law expl- {d|/B]
may hold for smaller helght 1t and distance d intervals than they were able to examine.  Beenuse
of the finite contour intervals on the mang which thede authors examined, structure size of the
order of less than 3 cm {n helght was not included. Thus, though their statement may be true
for the earth, it seems unlikely in the case of the moon in view of the photometric evidence,
which indicates that the moon is exceedingly rough over small height intervals h and surface
distancea d. Hence, near the origin, the correlation function p(d) probably no lunger has an
viponentinl fara, ‘The results presented here indicate that the "specular” compo ent obeys the
seattering lnaw nredicted by Hngl‘ors“ and Spetner and sz“ for a surface bhe.ing o Gaussian
autocorrelation function

]Z
pldy ~exp] = (S R)]
2d°
[¢]

{where d is the horizontal scale of the undulations). which gives rise to an angular power
spectruin
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P, =exp|- 2021 (20)
2¢°

where o " hm/do in which hm is the rms height fluctuation. Thus the average surface gradient
is %0 and the value obtained {n these experiinenta is approximately one in three. This is con-
siderably steeper than the values inferred for longer wavelength meaauremontns‘b‘zo which cen-
ter around one in ten., It is therefore concluded that, when surface structure on the moon of the
order of 0.5 cm ls examined, the surface is still largely smooth (only 14 per cent appears rough)
but that the average aurface gradient is one in three and the autocorrelation function now reseme-
bles a Gaussian function more closely than an exponential function.

At first sight it scema surprising that the angular power spectrum P(¢) canbe the same at 68
(Pcnengm”) and {0cm (llughesm), yet different at 3-cm wavelength, it must be borne in mind,
however, that the law P{¢) @ exp[- 10 ¢ ] was observed by Hughes only over the range 3° < ¢ < 14°,
Thus the Pnnge of angles common to Pettengill's and Hughes' measurements {8 7° < ¢ < 14°. The
measuroments reported here have been shown (Fig, 26) to obey a similar exponential-gine law
(exp[- 7 sin¢]) over the range 6° < ¢ < 48° but not beyond. It would be expected that the {10-cm
observations should show cloger resemblance to the 3.6-cm observations than to thoae at 68em,
Hence Hughesa might have found that P(g) departed from the law exp{=10 ¢ ] for angles ¢ > 20"
approximately, had he beon able to mako measurements ot the corresponding time delays. In
short, the obzervations at {0 cem by Hugheyd do not confliet with the measurements reported here,
sinco they wore not made over the same large range of angles of incidence ¢,

Vill, CONCLUSIONS

Pulded-radar measurements at & wavelength of 3.6 em have been used to determine the bright-
ness distribution over the surface of the moon. The angular power gpectrum obteined fron: thia
work is

Plp) = B gexpl- tun® gl cosg . (24)
o0 ‘ [ 29 ¢ 50

The sccond term clogely resembles the behavior of the moon at optical wavelengths, and 1t {8
concluded that the scatterers responsible for this form of reflection are distributed over 14 per
cent of the surface, The first term is atitlbuted to the smoother portions of the surface (i.c.,
simoother than approximately £0.5cm) which appear to be described by a Gaussian spatial auto-
correlation function. These undulations have an average gradient of one in three, which is ap-
proximately three times that obtained frrom observations at meter wavelengths.

The integrated reflected power ylelds a value for the radar cross section of the moon of
2 per cent of the physical cross gection (raz). Thia is subatantially lower than the average value
obtained at meter wavelengths (7 per cent), and the only previous measurement at 3em (9 per
cent). However, two published measurements for wavelengths close to 10 cm also indicate a
cross scction of 2 per cent, It s possible that all three low values result from undetected losses
in the radar equipments employed, orthat the reflection coefficient is substantially lower at
these short wavelengths.  This sccond pussibility could well result from the presence of a thin
layer of dust overlying most parts of the surface. The existence of such a layer has frequently

been postulated to explain the radiometric temperature measurcments of the lunar surface, For
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communications purposes, the fact that the "specular” returns from the leading edge of the mnoon
are less prominent (approximately t0db) at 3.6- than at 68-cm wavelength {8 to be regretted,

However, at this frequency it (& not difficult to limit the over-all range broadening by employ-

ing parabolic antennas of conventional size. In Appendix A, it ia shown that the bandwidth of

the Project West Ford system (60-foot antennas), using the moon as a reflector, {8 about 1 kepa,
This ia substantially the samc as is observed at meter wavelengths.
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APPENDIX A
THE BANDWIDTH OF THE PROJECT WEST FORD COMMUNICATIONS SYSTEM
WITH THE MOON AS A REFLECTOR

The concept of bandwidth for a time-varying network such as that provided by a moon-
reflection communication circuit is somewhat different from that employed to describe a passive
linear electrical filter, In the case of the moon, the total reflected power is not markedly fre-
quency dependent, {.e., the transfer function is essentially flat over a wide frequency range.
Thus the transfer function itself does not describe the useful bandwidth of a radio communica-
tions syatem which uses the moon as a reflector. A discuasion of the definition of the system
bandwidth, together with measurements of the "bundwidth" by different methoda, has been given
in two earlier repoms.“'m Here [t need only be sald that the most useful definition appears to
be provided by the croas-correlation function y(Af) which describes the correlation between the
amplitudea of two radico waves at frrequencies f‘ and fz {where f‘ - fz = Af), ‘That is, {wo radlo
waves gimultaneously reflected by the moon will fade, amd if their froquency separation Af is
increased to the polnt where the correlation between their amplitudes has fallen to 4/e, then Af
is the effective bandwidth. [t has nlso been shown that the function y(Af) is the square of the
Fourier raaine trangform of the {nfinite impulae response T’(t)‘m Henee the uncorvected full-
line curve for B(t) givon in Fig. 7 dofines the bandwlidth of the communications system {(for a
single channel) which can be omployed by tho Project Weat Ford equipment,

An approximate ostimute of what this i8 can be obtained as follaws: A function (1) = pt=0
oxp|-at] can be made to fit the results of Fig, 7 quite well over the range 0 < t < 4.0 muece, {f
a - 5750, Thus y{Af} which 18 the square of the Fourier codine transform of thid, s given by

2
y(an = constant | —5— 2] ' "
a” + (2raf)
If the constant {8 chosen to normalize y(Af) = § for Af = 0, then
' 2
vlan s {- 1o e
R AL
944

It follows that the useful single-channel bandwidth of the aystem is approximately $4 keps.
.
This is substantially the same as that found by Ingalls, et al. .“’ at & wavelength of 73cem, and
deraonsteates that, although the specular reflections are less predominant over the diffuse com-

punient at 3.6 than at 68cm, for communications purposcs this can be offset by narrow antenna
beamwidths.
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